Rhythmic masticatory muscle activity can be a normal variant of oromotor activity, which can be exaggerated in patients with sleep bruxism. However, few studies have tested the possibility in naturally sleeping animals to study the neurophysiological mechanisms of rhythmic masticatory muscle activity. This study aimed to investigate the similarity of cortical, cardiac and electromyographic manifestations of rhythmic masticatory muscle activity occurring during non-rapid eye movement sleep between guinea pigs and human subjects. Polysomnographic recordings were made in 30 freely moving guinea pigs and in eight healthy human subjects. Burst cycle length, duration and activity of rhythmic masticatory muscle activity were compared with those for chewing. The time between R-waves in the electrocardiogram (RR interval) and electroencephalogram power spectrum were calculated to assess time-course changes in cardiac and cortical activities in relation to rhythmic masticatory muscle activity. In animals, in comparison with chewing, rhythmic masticatory muscle activity had a lower burst activity, longer burst duration and longer cycle length (P < 0.05), and greater variabilities were observed (P < 0.05). Rhythmic masticatory muscle activity occurring during non-rapid eye movement sleep [median (interquartile range): 5.2 (2.6-8.9) times per h] was preceded by a transient decrease in RR intervals, and was accompanied by a transient decrease in delta elelctroencephalogram power. In humans, masseter bursts of rhythmic masticatory muscle activity were characterized by a lower activity, longer duration and longer cycle length than those of chewing (P < 0.05). Rhythmic masticatory muscle activity during non-rapid eye movement sleep [1.4 (1.18-2.11) times per h] was preceded by a transient decrease in RR intervals and an increase in cortical activity. Rhythmic masticatory muscle activity in animals had common physiological components representing transient arousal-related rhythmic jaw motor activation in comparison to human subjects.
Rhythmic masticatory muscle activity can be a normal variant of oromotor activity, which can be exaggerated in patients with sleep bruxism. However, few studies have tested the possibility in naturally sleeping animals to study the neurophysiological mechanisms of rhythmic masticatory muscle activity. This study aimed to investigate the similarity of cortical, cardiac and electromyographic manifestations of rhythmic masticatory muscle activity occurring during non-rapid eye movement sleep between guinea pigs and human subjects. Polysomnographic recordings were made in 30 freely moving guinea pigs and in eight healthy human subjects. Burst cycle length, duration and activity of rhythmic masticatory muscle activity were compared with those for chewing. The time between R-waves in the electrocardiogram (RR interval) and electroencephalogram power spectrum were calculated to assess time-course changes in cardiac and cortical activities in relation to rhythmic masticatory muscle activity. In animals, in comparison with chewing, rhythmic masticatory muscle activity had a lower burst activity, longer burst duration and longer cycle length (P < 0.05), and greater variabilities were observed (P < 0.05). Rhythmic masticatory muscle activity occurring during non-rapid eye movement sleep [median (interquartile range): 5.2 (2.6-8.9) times per h] was preceded by a transient decrease in RR intervals, and was accompanied by a transient decrease in delta elelctroencephalogram power. In humans, masseter bursts of rhythmic masticatory muscle activity were characterized by a lower activity, longer duration and longer cycle length than those of chewing (P < 0.05). Rhythmic masticatory muscle activity during non-rapid eye movement sleep [1.4 (1.18-2.11) times per h] was preceded by a transient decrease in RR intervals and an increase in cortical activity. Rhythmic masticatory muscle activity in animals had common physiological components representing transient arousal-related rhythmic jaw motor activation in comparison to human subjects. activity (RMMA), representing an essential pathophysiological feature for SB . In clinical sleep medicine research, RMMA has been used as a physiological marker to diagnose SB (AASM, 2014; Lavigne et al., 2001) .
Currently, a limited number of physiological studies have suggested the physiological characteristics of RMMA in humans. In normal subjects and patients with SB, RMMA occurs predominantly during non-rapid eye movement (NREM) sleep in association with transient arousals, characterized by cortical and autonomic activations (Carra et al., 2011; Huynh et al., 2006; Kato et al., 2001 Kato et al., , 2003 Macaluso et al., 1998) . Electromyogram (EMG) patterns of RMMA are unlikely identical to the common rhythmic jaw muscle contractions in waking behaviours such as chewing Matsuda et al., 2016; Po et al., 2013) . RMMA, per se, is thought to be a normal variant of a physiological phenomenon during sleep, as it occurs at a low frequency in approximately 60% of normal populations . However, the occurrence of RMMA becomes exaggerated in patients with SB. Nonetheless, neither the mechanisms for the rhythmogenesis of masticatory system during NREM sleep nor the pathophysiological mechanisms for exacerbating RMMA in patients with SB have been clarified.
Experimental animals can rarely be used to investigate the underlying mechanisms and to test experimental and clinical interventions for SB. This is also the case for other sleep-related movement disorders, the mechanisms of which are still unknown (Silvani et al., 2015) . In experimental animals, jaw-closing muscles, such as the masseter, were found to be activated during sleep (Anaclet et al., 2010; Brooks and Peever, 2008; Katayama et al., 2015; Kato et al., 2007 Kato et al., , 2010 . In addition, the characteristics of masseter bursts are heterogeneous in several EMG variables during NREM sleep, whereas masseter twitches in rapid eye movement (REM) sleep mimics chewing (Kato et al., 2013) . Among a variety of masseter bursts, however, episodes with repetitive bursts were occasionally observed during NREM sleep (Kato et al., 2013) . However, no studies have attempted to specifically score and characterize repetitive/rhythmic jaw motor events during NREM sleep in naturally sleeping animals . Because RMMA is an EMG marker of SB in humans, finding animal models exhibiting RMMA during NREM sleep is a primary issue for determining validity in investigating physiological mechanisms of RMMA and in developing animal models of SB in future studies.
The aims of this study were to investigate whether experimental animals exhibit RMMA during NREM sleep, and how RMMA in animals mimics that in humans. To do so, RMMA episodes during NREM sleep were scored and quantitatively analysed for EMG, electroencephalogram (EEG) and electrocardiogram (ECG) components in guinea pigs and normal humans. Then, the characteristics of these variables were compared between guinea pigs and humans.
MAT ERIALS AN D METH ODS

Data collection
Animal sleep study Surgery. Thirty male adult albino guinea pigs (Hartley), weighing 500-700 g, were used for this study. Animals were housed in cages in a room with LD 12 : 12 cycles (light period: 08:00-20:00 hours). Surgery was performed with sodium pentobarbital anaesthesia (40 mg kg À1 , i.p.) premedicated with atropine (0.04 mg kg À1 , i.p.) and local anaesthesia using lidocaine. Stainless-steel screws, soldered to Teflon-coated multi-stranded stainless-steel wires (diameter: 0.05 mm), were implanted into the cranial bone for EEG, electrooculogram (EOG) and ECG: two screws for EEG were placed bilaterally over the frontal cortex (3 mm from midline and 3 mm anterior to bregma), another two in the right orbital bone for EOG, one in the right edge of the parietal bone for ECG, and one in the nasal bone for the ground. For EMG recording, the skin of the submandibular and dorsal neck areas was incised, and two pairs of wires were inserted and sutured with 1-cm apart to the dorsal neck muscles and in the left or right masseter. For the Lead II ECG recording, one stainless-steel wire was inserted into the left side of the rib cage. EMG wires from masseter muscle were tunnelled subcutaneously under the temporal region, and those from neck muscles and left limb cage under dorsal neck to the exposed surface of the skull. Then, these wires were soldered to a multiple pin socket fixed to the skull. For 3 days after surgery, antibiotic ointment (gentamycin sulphate) was applied around the wound, and an antibiotic (oxytetracycline, 10 mg kg À1 ) and non-steroidal analgesics (Flurbiprofen axetil, Ropion â , 0.8 mg kg
À1
; Kaken Seiyaku, Tokyo, Japan) were injected intraperitoneally. The experiments conform to the APS guiding principles in the care and use of animals. The experimental protocols were approved by the Animal Research Ethics Committee of Osaka University Graduate School of Dentistry. COMTEC, Matsumoto, Japan) with a sampling rate of 512 Hz for all channels. The data for 3 h from 1 h after the start of recording (12:00-15:00 hours) were used for the following data analysis.
Scoring states of vigilance and RMMA. Wakefulness, NREM sleep and REM sleep were determined for 10-s epochs on the basis of EEG, neck muscle EMG, and EOG activities in accordance with previous studies (Kato et al., 2007 (Kato et al., , 2010 . RMMA episodes were scored visually if the repetitive masseter burst episodes, with the average amplitude at least four times of the baseline, contained at least three consecutive masseter EMG bursts with durations of less than 0.5 s and with intervals of less than 1 s. The duration and interval criteria for RMMA were determined based on data in our previous publication (Kato et al., 2013) . For the subsequent EMG analysis, the first chewing episode was arbitrarily selected among the episodes where the chewing sequence continued for > 30 s without any interruption after food ingestion.
Human PSG recordings
Subjects. Eight healthy subjects (F5:M3; age: 24.6 AE 3.6 years) were recruited for the PSG study (Table 2 ). All subjects completed a written informed consent form approved by the Research Ethics Committee of Osaka University Graduate School of Dentistry and Osaka University Dental Hospital. Subjects were selected on the basis of the absence of a history of tooth grinding during sleep and of any clinical evidence of SB and orofacial pain. None of the subjects had any history or signs of sleep (e.g. snoring, apnea or insomnia) or medical disorders (e.g. psychiatric, neurological), and none was taking any medication.
PSG recording. Polysomnographic recordings were performed on two consecutive nights in a sleep laboratory at Osaka University Graduate School of Dentistry. Sleep recording started between 22:30 and 23:00 hours, and ended between 06:30 and 07:30 hours or when subjects awoke. Before lights-off, subjects were asked to chew gum for 30 s. EEG (C 3 A 2 , O 2 A 1 ), bilateral EOG, ECG (Lead II) and EMG recordings from suprahyoid, bilateral masseter and anterior tibialis muscles were amplified, filtered (EEG, EOG and ECG: 0.3-70 Hz; EMGs: > 10 Hz, with 60 Hz hum filter) and recorded with a sampling frequency of 200 Hz using the software package (non-modifiable sampling rate, N7000; Natus Medical, California, USA). Audio and video recordings were made simultaneously. The first night was used for habituation to the sleep environment. Data from the second night were used for the following analysis.
Scoring sleep and oromotor variables. Sleep was scored in accordance with the AASM criteria version 2.1 (Berry et al., 2014) . A masseter burst was recorded if the average amplitude of the EMGs was at least 10% of the maximum voluntary contraction level while awake. After ruling out concomitant oromandibular activities, a single RMMA episode was scored as a series of repetitive phasic bursts (lasting 0.25-2.0 s), occasionally accompanied by tonic bursts (lasting > 2.0 s), using masseter EMG activity and audio-video data . For quantitative analyses of EMG, EEG and ECG, the data of these channels were converted with a sampling frequency of 256 Hz, and exported for quantitative analysis using commercially available software (BIMUTUS II â ; KISSEI COMTEC).
Quantitative analyses
The EMG data were first rectified and smoothed using a lowpass filter at a cut-off frequency of 50 Hz. The onset and offset of an EMG burst of RMMA episode was determined when the EMG value crossed a threshold level of twice as high as the mean baseline activity, which was calculated using artefact-free, 10 quiet 2-s NREM sleep periods. The following EMG variables were analysed (Kato et al., 2013) : burst cycle length was defined as the time between the onsets of two consecutive bursts; burst duration was the time between the onset and offset of each burst; and the mean integrated EMG activity of the bursts was first calculated as the area under the smoothed EMG signal from burst onset to offset being divided by burst duration, and then normalized by that of 20 consecutive EMG bursts during stable chewing in derivation in humans and on frontal EEG in animals. In animals, the power of the delta (0.75-4.5 Hz) and beta (16-30 Hz) EEG bands was calculated for 4-s sections during 20 s before and after the onset of RMMA using BIMUTAS software. In humans, five series of 4-s sections were analysed before the onset and after the end of RMMA to avoid EMG or movement artefacts. The delta and beta power, and the ratio between beta and delta power (B/D ratio) were normalized using the value during the first 4-s period (i.e. from 20 to 16 s before the episode) and expressed as percentages. The integrated EMG activity for neck muscle in animals and for suprahyoid muscles in humans was also calculated for five series of 4-s sections before and after the onset of RMMA: the values were normalized by that during the first 4-s period and expressed as percentages. The RR interval was measured as the time between consecutive peaks of R-waves on ECG. The mean RR intervals for five consecutive heart beats were calculated during 20 s before and after the onset of RMMA in humans and animals. Due to the inter-individual difference in heart rate for 20-s analysis windows, we analysed a common number of beats with which the values could be obtained in all subjects: from 65 beats before and after the onset in animals, and 25 beats before and after the onset in humans. Therefore, mean RR intervals before and after the onset of RMMA were designated as À65 to +65 in animals and À25 to +25 in humans. Changes in RR intervals were calculated by subtracting the mean of five consecutive RR intervals at À65 in animals and at À25 in humans, respectively.
Statistical analysis
All data were pooled for each animal and subject to assess time-course changes of the variables, and to compare the variables between chewing and RMMA using repeatedmeasure designs. Parametric and non-parametric tests were decided after Kolmogorov-Smirnov-Lilliefors test. The timecourse of changes in cortical and cardiac activities in association with RMMA was assessed using repeated-measures analysis of variance (ANOVA) with post hoc paired t-tests, except for cortical activities in humans, for which the Friedman tests with post hoc Wilcoxon tests were used. Variables for EMG bursts were compared between RMMA and chewing using paired t-tests. Data are presented as mean AE SEM. Statistical significance was determined at P < 0.05.
RESULTS
Sleep macrostructure in experimental animals and humans
In animals, during 3-h recording periods, 30 animals spent 73.4 AE 15.1 min asleep; 81.3 AE 5.2% of sleep was spent in NREM sleep and 18.7 AE 5.2% in REM sleep. For the eight healthy subjects, total sleep time was 457.3 AE 38.4 min, of which 74.6 AE 3.5% of this time was spent in NREM sleep and 19.5 AE 2.7% in REM sleep.
RMMA occurrence in animals and humans
In guinea pigs, RMMA was scored for a median of 5.2 episodes (interquartile range: 2.6-8.9) per hour of NREM sleep. Fig. 1 showed examples of masseter bursts during In humans, a total of 1.4 (1.18-2.11) RMMA episodes occurred per hour of sleep. Examples of chewing and RMMA are shown in Fig. 2 . All episodes occurred during NREM sleep, especially stages N1 and N2. Each RMMA episode contained a mean of 5.0 AE 1.2 bursts.
Burst characteristics of RMMA in experimental animals and in humans
Burst cycle length
In animals, burst cycle length was normally distributed for chewing (Fig. 3a1 ), but showed a positively skewed distribution for RMMA (Fig. 3a2) . The cycle length of masseter bursts for RMMA (333.5 AE 29.2 ms) did not differ from that of chewing (371.2 AE 8.2 ms; Fig. 3a3 ). In addition, the variability of burst cycle length was larger for RMMA (125.0 AE 14.4 ms) than for chewing (84.3 AE 6.3 ms; P = 0.024, paired t-test; Fig. 3a4) . The difference in the variability was not influenced by that in the mean value as the coefficient of variation was larger for RMMA (43.1 AE 3.9%) than for chewing (22.2 AE 1.6; P < 0.001).
The distribution patterns of burst cycle length for chewing (Fig. 3b1) and RMMA (Fig. 3b2) were similar in humans ( Fig. 3b1 and 2) . The mean cycle length of masseter bursts for RMMA (1476.1 AE 196.5 ms) was significantly larger than that for chewing (715.8 AE 46.6 ms; P = 0.008; Fig. 3b3 ). In addition, the variability of burst cycle length was larger in RMMA (536.9 AE 142.6 ms) than in chewing (100.1 AE 21.0 ms; P = 0.023, paired t-test; Fig. 3b4 ). The coefficient of variation was significantly larger for RMMA (64.6 AE 5.7%) than in chewing (13.6 AE 2.5%; P < 0.001).
Burst duration
In animals, the distribution of burst duration for chewing was normal (Fig. 4a1) , while that for RMMA was positively skewed (Fig. 4a2) . Burst duration was significantly longer for RMMA (214.3 AE 17.8 ms) than that for chewing (132.1 AE 6.5 ms; P < 0.001; Fig. 4a3 ). The standard deviation of burst duration for RMMA (91.9 AE 11.8 ms) was twice as large as that for chewing (39.2 AE 3.6 ms; P < 0.001, paired t-test; Fig. 4a4 ). A similar difference was noted for coefficient of variation (RMMA: 59.0 AE 4.3%; chewing: 28.3 AE 2.7%; P < 0.001).
In humans, the burst duration for chewing showed a normal distribution (Fig. 4b1) , whereas that for RMMA had a positively skewed distribution (Fig. 4b2) . Burst duration was significantly longer for RMMA (1318.4 AE 175.5 ms) compared with that for chewing (221.4 AE 9.9 ms; P < 0.001; Fig. 4b3 ). The standard deviation of burst duration for RMMA (406.9 AE 101.3 ms) was much larger than that for chewing (47.1 AE 2.5 ms; paired t-test; P = 0.009; Fig. 4b4 ). Again, coefficient of variation was larger for RMMA (61.1 AE 7.6%) than for chewing (27.7 AE 1.6%; P = 0.004).
Burst activity
In animals, the mean normalized burst activity for MAS during chewing was normally distributed (Fig. 5a1) , whereas that for RMMA showed a positively skewed distribution lower than 100% (i.e. mean activity of chewing; Fig. 5a2 ). The mean burst activity was twice as low for RMMA (35.7 AE 3.4%) compared with for chewing (96.2 AE 1.4%; P < 0.001; paired t-test; Fig. 5a3 ). Burst activity was less variable for RMMA (17.3 AE 2.5%) than for chewing (31.5 AE 1.1%; paired t-test, Figure 4 . Burst duration for chewing and rhythmic masticatory muscle activity (RMMA) in guinea pigs (a) and humans (b). In (a) and (b), cumulative histograms, group means of the burst duration and its variability for chewing and RMMA are presented in the same manner as in Fig. 3 . In (b1), an expanded histogram is inserted to show the normal data distribution. The data are shown as mean AE SEM. *P < 0.05; **P < 0.01; ***P < 0.001, paired t-tests.
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ª 2017 European Sleep Research Society P < 0.001; Fig. 5a4) . The difference in coefficient of variation between RMMA (36.9 AE 2.9%) and chewing (31.4 AE 1.0%) did not reach statistical significance (P = 0.061).
In humans, the normalized mean burst activity of MAS during chewing was normally distributed (Fig. 5b1) , whereas that for RMMA showed a positively skewed distribution within a lower range (Fig. 5b2) . The mean burst activity was significantly lower for RMMA (17.9 AE 3.5%) than that for chewing (100.7 AE 1.0%; P < 0.001, paired t-test; Fig. 5b3 ). The standard deviation of mean burst activity was lower for Figure 5 . Mean burst activity for chewing and rhythmic masticatory muscle activity (RMMA) in guinea pigs (a) and humans (b). In (a) and (b), cumulative histograms, group means of the mean burst activity and its variability for chewing and RMMA are presented in the same manner as in Fig. 3 . The data are shown as mean AE SEM. ***P < 0.001, paired t-tests.
ª 2017 European Sleep Research Society RMMA (9.7 AE 1.8%) than that for chewing (27.7 AE 1.6%; paired t-test, P < 0.001; Fig. 5b4 ). The coefficient of variation for RMMA (61.1 AE 7.6%) was larger than that for chewing (27.7 AE 1.6%; P = 0.004).
Transient changes in cardiac and cortical activities in experimental animals and humans
Cardiac activity
In animals, mean RR intervals showed a significant change before and after the onset of RMMA (one-way ANOVA; P < 0.001). The mean RR interval of five consecutive cardiac cycles just before the onset of RMMA (at À5: 238.9 AE 6.1 ms) was significantly lower compared with those at À15, À20, À25 and À35 (P < 0.05, post hoc paired t-tests; Fig. 6a ). Once RMMA started, the mean RR interval showed a rapid decrease that returned to the baseline level (Fig. 6a) .
In humans, mean RR intervals of five consecutive cardiac cycles showed a transient change before and after the onset of RMMA (one-way ANOVA; P = 0.015; Fig. 6b ). The mean RR intervals for five cardiac cycles before onset (1105.5 AE 62.8 ms) were significantly higher than those for À10 to À25, and À35 (post hoc paired t-tests: P < 0.05, respectively; Fig. 6b ). After the onset of RMMA, the mean RR interval was significantly lower at +5 (P < 0.001), and at +10 they returned to levels similar to the interval at À5.
Motor activity
In animals, neck EMG activity did not show a significant change 20 s before and after the onset of RMMA (one-way ANOVA, P = 0.78; Fig. 7a ). In humans, suprahyoid EMG activity at À4 was significantly higher than the previous periods (P < 0.05), and it significantly increased after the onset of RMMA (from +4 to +12, Friedman test: P < 0.001; Fig. 7b ).
Cortical activity
In animals, delta power decreased significantly from À4 to +4 (P = 0.016) and +8 (P = 0.007) after the onset of RMMA (one-way ANOVA; P = 0.007; Fig. 8a1) . No significant timecourse changes were noted for beta power (Fig. 8a2) . The B/D ratio did not show a significant time effect (one-way ANOVA; P = 0.054; Fig. 8a3 ).
In humans, delta and beta power showed significant changes during the pre-and post-RMMA periods (Friedman tests, P < 0.001), although the period during the RMMA was excluded from the EEG analysis. Before the onset of RMMA, delta power at À4 was significantly higher than À16, À12 and À8 (post hoc Wilcoxon tests, P < 0.05). After the end of RMMA, delta power decreased significantly at +4 and +8 (P < 0.05; Fig. 8b1 ). Before RMMA onset, beta power increased significantly at À4 (P < 0.05; Fig. 8b2 ), and further increased significantly from À4 to +4 (P < 0.01; Fig. 8b2 ). The B/D ratio significantly increased after the end of RMMA (Friedman test, P < 0.001; P < 0.05 for +4, +8, +12 and +16 compared with À4; Fig. 8b3 ).
DI SCUSSION
This study showed that RMMA occurred during NREM sleep in guinea pigs. Compared with chewing, RMMA was characterized by longer burst duration and lower burst activity with less regularity in animals and humans. Burst cycle length did not differ between chewing and RMMA in animals, whereas it was longer for RMMA than for chewing in humans. RMMA episodes were preceded by cardiac activation in animals as well as in humans, although the changes in cortical activity related to RMMA were less clear in animals than in humans. These results suggested that RMMA episodes occurring during NREM sleep in guinea pigs have some common physiological components characterizing RMMA in sleeping humans.
Masseter burst characteristics
The analyses of masseter EMG bursts showed that RMMA had different burst characteristics from those during chewing in guinea pigs as well as in healthy subjects. Burst duration was significantly longer for RMMA than for chewing and mean burst activity for RMMA was lower than for chewing in guinea pigs as was found in humans. These results were supported by the previous studies in humans (Gallo et al., 1999; Ikeda et al., 1996; Matsuda et al., 2016) . However, burst cycle length did not significantly differ between RMMA and chewing in guinea pigs. This result should be interpreted with the characteristic nature of jaw kinesiology in guinea pigs. Unlike mice and rats (Byrd, 1988; Okayasu et al., 2003) , guinea pigs can move their jaw laterally as seen in human RMMA and tooth grinding (Amemori et al., 2001; Minagi et al., 1998) . However, chewing in guinea pigs is characterized by alternating jaw shifts from one side to the other; the masseter muscle on the ipsilateral side of the lateral jaw shift was activated during the jaw-closing phase (Kato et al., 2013) . Due to this type of jaw movement during chewing, burst cycle length calculated from unilateral EMG recordings in this study contained two jaw open-close cycles . Therefore, the actual cycle length for rhythmic chewing was half the value in Fig. 3a3 . As a result, the burst cycle length were significantly longer for RMMA than for chewing in guinea pigs as was reported in humans Lavigne et al., 2001; Po et al., 2013) . A large variability in burst characteristics was found for RMMA in both guinea pigs and humans, suggesting that rhythm or pattern formations are less robust for RMMA than for chewing. Collectively, as long as the analysed variables in this study were interpreted, guinea pigs and humans presented common burst characteristics for RMMA.
Autonomic-arousal sequence
The present results in animals replicated that RMMA during NREM sleep was associated with transient changes in cortical and cardiac activities in humans (Carra et al., 2011; Kato et al., 2001 Kato et al., , 2003 Macaluso et al., 1998) . Arousal activity can be a physiological condition for generating rhythmic activity in the trigeminal motor system during NREM sleep in animals as well as in humans (Carra et al., 2011; Kato et al., 2003) . However, the profiles of the cortical EEG changes differed between animals and humans. Delta power decreased in animals only after the onset of episodes but increased before the onset in humans, although beta power did not change in animals whereas it increased before RMMA onset in humans. This discrepancy in the transient EEG changes between animals and humans was related to the difference in cortical EEG backgrounds during NREM sleep Figure 7 . Time-course changes of neck electromyogram (EMG) activity in guinea pigs (a) and suprahyoid EMG activity in humans (b). Changes in the integrated EMG activity were calculated by normalizing the value during 4 s before the onset (À20) as 100%. *P < 0.05; **P < 0.01; ***P < 0.001 in comparison to the activity at À4.
ª 2017 European Sleep Research Society in humans ) and animals (Kato et al., 2010) ; the predominant slow-wave activity characterized NREM sleep in animals, whereas in humans RMMA occurred during stages N1 and N2 with a low-voltage EEG activity background. In relation to RMMA, neck EMG did not show a significant change in animals, while suprahyoid EMG significantly increased in humans. The discrepancy can be explained by the intersegmental difference of the motor activation in relation to arousals: the jaw motor system is more likely responsive to the lower hierarchy of arousals in comparison to the spinal motor system (Kato et al., 2004 (Kato et al., , 2010 .
Previous studies in humans have shown a physiological sequence from cardiac activations to cortical and jaw motor Figure 8 . Time-course changes of cortical electroencephalogram (EEG) activity and motor activity in relation to the onset of rhythmic masticatory muscle activity (RMMA) in guinea pigs (a) and humans (b). Changes in cortical activity were calculated by normalizing the values during 20 s before the onset (À20) as 100%. (a) Relative changes in delta power (a1), beta power (a2) and the ratio between the two (B/D ratio, a3) in relation to the onset (vertical dashed line) in guinea pigs (n = 29). (b) Relative changes in delta power (b1) and beta power (b2) and the B/ D ratio (b3) before the onset and after the end of RMMA in healthy subjects (n = 8). Cortical EEG activities were not analysed during RMMA episodes (a shaded period) due to the electromyogram (EMG) artefacts of RMMA. *P < 0.05; **P < 0.01.
ª 2017 European Sleep Research Society activity in the genesis of RMMA. The onset of RMMA is preceded by a slow increase in cardiac activity (Huynh et al., 2006; Kato et al., 2001) and by a rapid rise in heart rate Reding et al., 1968; Satoh and Harada, 1973) . Cortical activation was found a few seconds before the onset of RMMA in humans ). The present results in animals replicate this sequence starting from cardiac activity to cortical arousals and RMMA, by showing that RR intervals started to decrease significantly before the onset of RMMA.
CONCLUSI ON
In conclusion, the results of this comparative study demonstrated that guinea pigs exhibited RMMA during NREM sleep with common physiological features reported for RMMA in humans: RMMA episodes occurred in association with a transient arousal and, in comparison to chewing, they had different burst characteristics for duration, burst and activity with less regularity. Therefore, RMMA in guinea pigs can be a useful physiological marker for investigating how the divergent neural combinations within the masticatory pattern generator network are activated during NREM sleep Lavigne et al., 2003; Westberg and Kolta, 2011) . In addition, RMMA as a normal variant of a physiological phenomenon can be exacerbated by experimental interventions for developing an animal model of SB and for investigating the pathophysiological factors for SB.
